INTRODUCTION {#s1}
============

Selenium (Se) is a necessary micronutrient which is unique among trace elements in life activity. Se can reduce lipid peroxidation, elevate the activity of selenoenzyme and protect cells \[[@R1], [@R2]\], thus, it is important for the central nervous system (CNS). Se has been regarded as a component in bovine serum which is requisite to maintain neurons in serum-free media \[[@R3]\]. It has also been reported that Se acts a part in neurological disease \[[@R4]\]. The CNS is extremely sensitive to Se poisoning \[[@R1]\]. The neurotoxicity of Se compounds is demonstrated by its capability to induce motor neurons degeneration \[[@R5]\]. A recent study has confirmed that the brain competes for the utilization of Se under Se-compromised conditions, with concomitant effects on neurodegeneration and neurodevelopment \[[@R6]\]. Our previous study has reported that Se homeostasis exists in the brain, which means that Se content remains remarkably stable during Se supplementation in chicken \[[@R7]\]. The disruption of Se balance can induce neurodegeneration \[[@R8]\]. The alteration of selenoproteins expression is likely responsible for neuropathological alterations and behavioral changes in the brain with the excess and deficiency of Se \[[@R9]\].

Selenoproteins play an essential role in the protection of neurons \[[@R10]\] and the maintenance of brain function \[[@R11]--[@R14]\]. Se deficiency and selenoproteins expression reduction impair the development of brain including behavioral and functional defects \[[@R15]--[@R17]\]. Preferential retention of Se is largely connected with its transport to the brain and within it by selenoprotein \[[@R18]\]. Both neuronal and axonal degeneration as well as more moderate and potentially reversible neurite in the developing brain, are changed with the deletion of Selenoprotein P (Sepp1) \[[@R19]\]. It has become clear that Sepp1 is important to maintain brain Se and the neurons viability under the condition of Se-deficient \[[@R10]\]. Our previous study hypothesized that hierarchy of regulated the transcriptions of selenoproteome played a critical role of CNS Se metabolism and transport in birds \[[@R20]\].

Selenophosphate synthetase (SPS) was initially determined in bacteria and demonstrated to synthesize selenophosphate which is the active Se donor. ATP and SeH^−^, the metabolite of food or Se-containing substances *in vivo*, were catalyzed by SPS and transformed into selenophosphate (H~2~PO~3~SeH). H~2~PO~3~SeH reacted with PSer-tRNA^\[Ser\]Sec^ by Sec synthase (SecS) and formed Sec-tRNA^\[Ser\]Sec^ which led to the incorporation of Sec into the peptide chain of selenoproteins mRNA with SECp43, SECIS-binding protein 2 (SBP2) and selenocysteine-specific elongation factor (EFsec) \[[@R21]\]. Intriguingly, there are two SPS paralogues in higher eukaryotes called SPS1 and SPS2. It has been widely proposed that SPS2 synthesizes monoselenophosphate for generating Sec *in vitro* and *in vivo* studies. Nevertheless, SPS1, an enzyme which is highly homologous with SelD, is not involved in Sec synthesis in mammals \[[@R22]\], and a remarkable possibility is that a new pathway of Se utilization may be defined by SPS1 in animals \[[@R23]\]. SPS1 is also an essential mammalian enzyme which can control cell growth and is related with redox homoeostasis \[[@R24]\], and the enzyme it encodes lies on a selenium salvage system which recycles l-selenocysteine \[[@R25]\]. However, the exact biological function of the controversial enzyme, SPS1, has not been determined yet, especially in chicken.

Above all the aspects, the selenoproteins mRNA expression can be influenced by Se status in the nervous system. Of note, Roger et al. found that there was no SPS2 in avian \[[@R26]\]. Numerous clone studies of SPS2 have been reported but the SPS2 gene was not cloned in chickens. Whether SPS1 plays an essential role or not and the SPS1 mRNA expression regulated by Se in chicken CNS remain to be unclear. In consequence, this study aimed to investigate whether SPS1 was required for the development and Se homeostasis of CNS in chicken. Finally, we will provide new evidence regarding the unknown biological functionality of the SPS1 in birds.

RESULTS {#s2}
=======

Se content in CNS tissues {#s2_1}
-------------------------

Se content in the chicken CNS tissues was shown in [Supplementary Table 1](#SD1){ref-type="supplementary-material"}. A dose-dependent increase of Se content was not shown in the cerebral cortex at 15d, cerebral nuclei at 35d and brain stem at 25d of the L-Se group compared with the C-Se group. Meanwhile, dose-dependent increases were shown in thalamus, cerebellum, medulla oblongata, marrow and sciatic nerve in L-Se group compared with C-Se group. When chickens fed diet was supplemented with 1.5 mg/kg Se (H-Se), Se levels did not change remarkably in the cerebral cortex, cerebral nuclei and marrow at 35d, thalamus, brain stem and medulla oblongata at 15d, and cerebellum at 15d and 25d compared with C-Se group, which indicated that Se homeostasis exhibited in chicken brain during Se supplementation, and the result was consistent with our previous study \[[@R7]\].

Expression of SPS1 in the development of CNS tissues {#s2_2}
----------------------------------------------------

To evaluate the expression of SPS1 in the development of chicken CNS, we measured the SPS1 mRNA level in the CNS tissues using qRT-PCR (Figure [1](#F1){ref-type="fig"}). The highest level of Se concentration was shown in cerebral nuclei at 0d, while the lowest level of Se concentration was shown at 35d in sciatic nerve. Almost Se concentration of all CNS tissues decreased at 15d, 25d and 35d compared with 0d (Figure [1A](#F1){ref-type="fig"}). SPS1 mRNA was the most abundant in cerebrum and least in cerebellum at E18. Then, the SPS1 mRNA level displayed a minimum level in cerebrum, thalamus and cerebellum at E21/0d, and increased significantly at 15d, 25d, 35d and 90d (Figure [1B](#F1){ref-type="fig"}). The SPS1 mRNA level in brain stem increased at 15d, however, further increases in time actually resulted in a reduction of SPS1 mRNA level after reaching a maximal level at 25d. In contrast, the SPS1 mRNA level in marrow decreased at 15d, reached the lowest level at 25d and then increased at 35d (Figure [1C](#F1){ref-type="fig"}). These results indicated that SPS1 expressed widely in chicken CNS tissues and the SPS1 mRNA level changed with the development of chicken CNS, which indicated that SPS1 might exert a necessary function in utilizing Se in chicken CNS.

![Expression of SPS1 in the development of CNS tissues\
Se content in the CNS tissues of chickens was determined at 0d, 15d, 25d and 35d (**A**). The SPS1 mRNA level in Cerebrum, Thalamus and Cerebellum was determined at E12, E15, E18, E21/0d, 15d, 25d, 35d and 90d (**B**). The SPS1 mRNA level in Cerebral nuclei, Brain stem, Medulla oblongata, Marrow and Sciatic nerve was determined at 0d, 15d, 25d, 35d and 90d (**C**).](oncotarget-08-35919-g001){#F1}

Effect of Se on the morphology and viability of embryo neurons {#s2_3}
--------------------------------------------------------------

We have previously shown that Se treatment of chicken embryo neurons could cause the changes in the morphology and viability \[[@R9]\]. Hematoxylin and eosin (HE) and Nissl staining were used to confirm structural atrophy and showed the numbers of neurons (Figure [2A--2B](#F2){ref-type="fig"}). The chicken embryo neurons photomicrographs were shown in Figure [2C--2L](#F2){ref-type="fig"}. The morphological alterations (neurite length and branches) of neurons should be focused on significantly. The neurite branches and length of neurons in Se-I group (10^−9^ mol/L), Se-II group (10^−8^ mol/L) for 48 h and Se-III group (10^−7^ mol/L) for 24 h were more than those in the Control group (Figure [2D--2G](#F2){ref-type="fig"}). When compared with Control group, neurons showed a significant reduction in neurite length and branches when treated with 10^−7^ mol/L Se for 48 h and 10^−6^ mol/L Se for 24 h (Figure [2H--2I](#F2){ref-type="fig"}). Cell shrinkage and fragmented neurite were shown in Se-IV group (10^−6^ mol/L) for 48 h and Se-V group (10^−5^ mol/L) for 6 h and 12 h and it indicated that a higher dose Se (10^−6^ mol/L Se) resulted in cell death (Figure [2J--2L](#F2){ref-type="fig"}). These results suggested that chicken embryo neurons were sensitive to high Se concentrations and showed a dose-dependent and time-dependent decrease for the viability of neurons, which fell in line with our previous study \[[@R9]\].

![Effect of Se on the morphology and viability of embryo neurons\
Nissl staining (**A**) and Hematoxylin and eosin (HE) (**B**) of chicken embryo neurons. The chicken embryo neurons were treated with 0, 10^−9^, 10^−8^, 10^−7^, 10^−6^ or 10^−5^ mol/L of Se (sodium selenite) for 6, 12, 24 or 48 h (**C**--**L**). The morphology of treated and untreated neurons was visualized under the light microscopy (magnification: ×400, bar 50 μm). Note the neurite length and branches and the morphological alterations of neurons. The black arrows were used to indicate the neurite branches and length and the white arrows were used to indicate the shrinkage and fragmented neurites.](oncotarget-08-35919-g002){#F2}

Effects of supplementary Se on SPS1 mRNA expression in embryo neurons {#s2_4}
---------------------------------------------------------------------

To investigate the effect of supplementary Se on the SPS1 expression of neurons, the SPS1 mRNA level measured by qRT-PCR was shown in Figure [3](#F3){ref-type="fig"}. Treatment with Se upregulated the SPS1 mRNA expression in a time-dependent and does-dependent manner. The SPS1 mRNA expression decreased significantly in embryo neurons incubated with 10^−5^ mol/L Se at 3 h compared with the Control group (*P* \< 0.05). The SPS1 mRNA levels showed maximal increases in the neurons incubated with 10^−9^ mol/L Se at 6 h and 24 h, 10^−8^ mol/L Se at 12 h and 48 h (*P* \< 0.05). All of the SPS1 mRNA levels in neurons incubated with 10^−9^ mol/L, 10^−8^ mol/L and 10^−7^ mol/L Se were increased from 0--48 h, however, the SPS1 mRNA levels decreased significantly in neurons incubated with relatively high concentration (10^−6^ mol/L and 10^−5^ mol/L) of Se with the prolonged incubation time. The results indicated that the SPS1 mRNA level of chicken embryo neurons altered with the different Se concentration and the high Se concentration had a cytotoxicity for neurons.

![Effects of supplementary Se on SPS1 mRNA expression in embryo neurons\
The "\*" is used to demonstrate significantly different from controls by one-way analysis of variance followed by a Tukey\'s multiple comparison test (\**P* \< 0.05), and bars sharing a common letter (a or b or c or d or e) are not significantly different (*P* \< 0.05).](oncotarget-08-35919-g003){#F3}

Effect of Se status on SPS1 mRNA stability {#s2_5}
------------------------------------------

To investigate the mechanism between Se and SPS1, we examined the SPS1 mRNA half-life in chicken embryo neurons and the result was shown in Figure [4](#F4){ref-type="fig"}. A dose-dependent effect was displayed on the SPS1 mRNA half-life in neurons treated with Se. The SPS1 mRNA half-life was about 12.10 h when the embryo neurons were treated with ActD (Figure [4B](#F4){ref-type="fig"}), about 11.51 h when treated with ActD and 10^−8^ mol/L Se (Figure [4C](#F4){ref-type="fig"}), about 21.13 h when treated with ActD and 10^−7^ mol/L Se (Figure [4D](#F4){ref-type="fig"}), about 10.51 h when treated with ActD and 10^−6^ mol/L Se (Figure [4E](#F4){ref-type="fig"}) and about 2.89 h when treated with ActD and 10^−5^ mol/L Se (Figure [4F](#F4){ref-type="fig"}). It is worth noting that the SPS1 mRNA level in ActD+Se-II group (ActD and 10^−7^ mol/L Se) was higher than it in ActD group (ActD), however, a significant decrease of the SPS1 mRNA level was found in the neurons incubated with 10^−5^ mol/L Se (Figure [4G](#F4){ref-type="fig"}). The results here indicated that the neurons SPS1 mRNA stability incubated with 10^−7^ mol/L Se increased relatively and the neurons mRNA stability incubated with 10^−5^ mol/L Se reduced observably.

![Effect of Se status on SPS1 mRNA stability\
The chicken embryo neuron monolayers were treated with PBS (Control) (**A**), 5 μg/mL ActD (ActD) (**B**), 5 μg/mL ActD and 10^−8^ mol/L Se (ActD+Se-I) (**C**), 5 μg/mL ActD and 10^−7^ mol/L Se (ActD+Se-II) (**D**), 5 μg/mL ActD and 10^−6^ mol/L Se (ActD+Se-III) (**E**) and 5 μg/mL ActD and 10^−5^ mol/L Se (ActD+Se-IV) (**F**) for 0 h, 3 h, 6 h, 9 h, 12 h, 24 h or 48 h. The mRNA stability was denoted with the SPS1 mRNA decay curve after 5 μg/mL ActD treatment mRNA level shown (**G**).](oncotarget-08-35919-g004){#F4}

Effect of Se status on SPS1 mRNA expression in embryo CNS {#s2_6}
---------------------------------------------------------

To investigate the effect of Se status on SPS1 mRNA expression in chicken embryo CNS, the predetermined volume (0.1 μL/g egg) of PBS or Na~2~SeO~3~ solution was injected into the eggs to enhance the concentration of Se and the eggs were incubated, then the SPS1 mRNA level was detected and the result was shown in Figure [5](#F5){ref-type="fig"}. The SPS1 mRNA levels of embryo cerebrum and thalamus in Se-I group (inject Na~2~SeO~3~, 0.08 μg Se/mL in egg white) and Se-II group (inject Na~2~SeO~3~, 0.10 μg Se/mL in egg white) decreased significantly at E15 and E18, which indicated that excess Se could decrease the SPS1 mRNA level in embryo CNS. However, there was a significant increase in cerebrum in Se-I group and thalamus in Se-II group at E12 compared with Control group (*P* \< 0.05) (Figure [5A--5B](#F5){ref-type="fig"}). Interestingly, the SPS1 mRNA levels were decreased in cerebrum, thalamus and cerebellum with the development of chicken embryo, of note, significant decreases were showed at E21 (*P* \< 0.05), which indicated that the SPS1 mRNA displayed a minimum level in chicken embryo CNS at E21. There was no significant difference in Blank control group compared with Control group (*P* \> 0.05), which indicated that the effect of injecting liquid into eggs before hatching on chicken embryo development was not observed.

![Effect of Se status on SPS1 mRNA expression in embryo CNS\
Cerebrum (**A**), Thalamus (**B**) and Cerebellum (**C**). The "\*" is used to demonstrate significantly different from controls by one-way analysis of variance followed by a Tukey\'s multiple comparison test (\**P* \< 0.05) and bars sharing a common letter (a or b or c or d or e) are not significantly different (*P* \< 0.05).](oncotarget-08-35919-g005){#F5}

Effect of dietary Se status on SPS1 expression in chicken CNS {#s2_7}
-------------------------------------------------------------

To investigate the effect of dietary Se on the SPS1 expression in chicken CNS tissues, the chickens were fed with the diet containing Se and then the SPS1 mRNA level was determined and described in Figure [6](#F6){ref-type="fig"}. In our previous study, chickens which fed with the L-Se diet exhibited decreased motility and smaller body, the H-Se diet exhibited increased body weight \[[@R20]\]. The SPS1 mRNA levels were increased when chickens were fed with diets containing 0.033--1.5 mg/kg Se in cerebral cortex, thalamus and marrow at 15d, 25d and 35d, which indicated that there was a dose-dependent effect of Se status in cerebral cortex, thalamus and marrow (*P* \< 0.05) (Figure [6A, 6C, 6G](#F6){ref-type="fig"}). Compared with C-Se group, the SPS1 mRNA levels in L-Se and H-Se group were increased in cerebral nuclei at 25d and 35d, brain stem and medulla oblongata at 35d (*P* \< 0.05) (Figure [6B, 6E, 6F](#F6){ref-type="fig"}). There was a significant decrease in cerebellum at 15d (*P* \< 0.05) (Figure [6D](#F6){ref-type="fig"}). A general decrease in the SPS1 mRNA level was observed in sciatic nerve at 15, 25d and 35d when compared with 0d (Figure [6H](#F6){ref-type="fig"}). Interestingly, the SPS1 mRNA level maintained stable in cerebellum, medulla oblongata, brain stem and sciatic nerve at 25d (*P* \> 0.05). With the development of chick CNS, the SPS1 mRNA level increased in cerebral cortex, thalamus, cerebral nuclei, medulla oblongata and brain stem in H-Se group.

![Effect of dietary Se status on SPS1 expression in chicken CNS\
Cerebral cortex (**A**), Cerebral nuclei (**B**), Thalamus (**C**), Cerebellum (**D**), Brain stem (**E**), Medulla oblongata (**F**), Marrow (**G**) and Sciatic nerve (**H**). L-Se group was fed with low Se diet which contained 0.033 mg/kg Se; C-Se group was fed with the diet containing 0.15 mg/kg Se; H-Se group was fed with the diet containing 1.5 mg/kg Se. Bars sharing a different letter are significantly different (*P* \< 0.05).](oncotarget-08-35919-g006){#F6}

Effect of supernutritional Se on SPS1 expression of chicken CNS {#s2_8}
---------------------------------------------------------------

To determine the effect of supernutritional Se on the SPS1 mRNA expression of CNS, chickens were fed with the diet containing Se and then the SPS1 mRNA level was detected and the result was shown in Figure [7](#F7){ref-type="fig"}. The SPS1 mRNA levels were significantly increased in all Se-treated CNS tissues. And, of note, the maximum increases were found in cerebral nuclei and medulla oblongata of Se-S- II group, in thalamus, cerebellum and brain stem of Se-S- III group, and in marrow of Se-S- I group (*P* \< 0.05). However, further increases of Se resulted in a decrease of the SPS1 mRNA abundance in the thalamus, cerebral nuclei, cerebellum, marrow, medulla oblongata and brain stem after reaching its maximal level. More remarkable, there was a Se upregulation in SPS1 mRNA expression in the cerebral cortex with 1.0--5.0 mg/kg dietary Se.

![Effect of supernutritional Se on SPS1 expression of chicken CNS\
Control group was fed with the commercial diet which contained 0.15 mg/kg Se; Se-S- I group was fed with the Se-supplemented diet containing 1.0 mg/kg Se; Se-S- II group was fed with the Se-supplemented diet containing 2.0 mg/kg Se; Se-S- III group was fed with the Se-supplemented diet containing 3.0 mg/kg Se; Se-S- IV group was fed with the Se-supplemented diet containing 5.0 mg/kg Se. Bars sharing a different letter are significantly different (*P* \< 0.05).](oncotarget-08-35919-g007){#F7}

Pearson correlation coefficient between tissues Se and SPS1 mRNA expression of chick CNS {#s2_9}
----------------------------------------------------------------------------------------

Pearson correlation coefficient between tissues Se level and SPS1 mRNA expression of CNS tissues in chicks fed diets containing Se was showed in [Supplementary Table 2](#SD1){ref-type="supplementary-material"}. In chicken with low and high Se, the SPS1 mRNA level in cerebellum was negatively correlated with the tissues Se (*P* \< 0.05) while the marrow showed a significant positive correlation (*P* \< 0.01), but no significant correlation was found in other tissues (*P* \> 0.05). In chicken with supernutritional Se, there were significant correlations between the SPS1 mRNA expression level and tissues Se in cerebellum (*P* \< 0.01) and brain stem (*P* \< 0.05).

DISCUSSION {#s3}
==========

Se, exerting a number of beneficial effects on health through its pharmacotherapeutic efficacy against brain diseases \[[@R27]\], has been considered to be a necessary diet composition. The effect of Se on nerve has long been made an investigation into laboratory studies \[[@R28], [@R29]\]. Increasing evidences demonstrated an inhibitory effect displayed by Se against heavy metal neurotoxicity, such as lead, mercury, cadmium, and aluminum neurotoxicity \[[@R30], [@R31]\]. Se gives play to its biological functions basically through selenoproteins \[[@R32]\]. It has been reported that selenoproteins show a biological importance in the regulation of neuronal and metabolic homeostasis \[[@R33]\]. Our previous study found that supernutritional dietary Se did not significantly change the Se concentration in chicken brain \[[@R7]\]. In this study, Se homeostasis was observed in chicken CNS not only during Se supplementation but also Se deficiency. However, the mechanism needs further exploration.

SPS, the active selenium donor, was shown to synthesize selenophosphate. SPS2 is an isoform of SPS and when its mRNA was knocked out of the red beetle, silkworm and NIH3T3 cells, the selenoprotein biosynthesis would be lost, meanwhile, SPS2 was found to rescue the biosynthesis of selenoprotein which had been knocked out of NIH3T3 cells, while, SPS1 inhibition did not inhibit the synthesis of selenoprotein \[[@R22], [@R23]\]. However, SPS2 was not found in the avian tissues by Roger A. Sunde et al. \[[@R26]\]. SPS1, another isoform of SPS, lacks the capability to synthesize selenoproteins but may be involved in selenoprotein biosynthesis. \[[@R34]\]. It was reported that the knockout of SPS1 in *Drosophila* led to the lethality of embryonic and a remarkable increase in reactive oxygen species (ROS), which suggested that SPS1 participated in cell growth and the regulation of oxidative stress \[[@R35], [@R36]\]. Herein, we hypothesize that SPS1 may act an important part in chicken CNS. In this study, we identified that SPS1 was required for the development and Se homeostasis of CNS in chicken (*Gallus gallus*), and the SPS1 mRNA expression was regulated by Se status.

SPS1, aside from selenocysteine biosynthetic processes in human lung adenocarcinoma cells \[[@R25]\], and it has been reported to be involved in various physiological processes in conjunction with selenoproteins like imaginal disc development \[[@R37]\], cell proliferation \[[@R38]\], mitochondrion organization \[[@R39]\], glutaminemetabolism \[[@R40]\], stress responses \[[@R41]\], negative regulation of ROS homeostasis \[[@R42]\], and even neurogenesis \[[@R43]\]. In our study, SPS1 expressed widely in chicken CNS, and it was noted that SPS1 expression in CNS tissues was differ from other tissues. In addition, the SPS1 expression level was significantly decreased with a top Se concentration, and then increased with relative low Se concentration in CNS tissues, which suggested that SPS1 played a key role in utilizing Se in chicken CNS.

Se is beneficial to the development of embryo. It has been demonstrated that dietary organic Se can improve embryonic development of pig by enhancing the transference of maternal Se to 30d pig conceptuses in early pregnancy \[[@R44]\]. The recent research demonstrated that maternal Se could enhance antioxidative capacity and reduce oxidative damage and ROS concentration of chick embryo \[[@R45]\]. Of note, the biological functions of Se are largely effected by selenoproteins, and SPS1 exerts a potential function in the biosynthesis of SelW which is a kind of selenoprotein \[[@R46]\]. In this study, the expression of SPS1 was decreased significantly when the eggs were treated with Se. The results demonstrated that the SPS1 mRNA expression in chicken embryo CNS was significantly regulated by the content of Se injected into the eggs, and excess Se could decrease the SPS1 mRNA expression. In particular, differences in variation trend of the SPS1 mRNA expression were shown in different CNS tissues, which suggested that SPS1 was regulated tissue-specifically by Se.

Brain has high priority for Se uptake with relatively low nutritional Se \[[@R47]\]. In this regard, there must be a specific mechanism for the uptake and storage of Se, in which selenoprotein is considered to be a key factor for Se preferential homeostasis in CNS \[[@R48]\]. Our previous study indicated that Se homeostasis existed in cerebral cortex and thalamus particularly \[[@R7]\]. Herein we found that the SPS1 mRNA expressions were decreased significantly in chicken cerebral cortex and thalamus with low Se diet. The above results performed on the alteration of SPS1 mRNA expression demonstrated that the Se utilization of SPS1 was decreased with Se deficiency to maintain the stability of Se content in chicken CNS.

In our previous study, Se homeostasis of chicken brain tissues was preferentially maintained even with Se supplementation in dietary \[[@R7]\]. The selenoproteins expressions in certain tissues were differentially controlled by dietary Se levels \[[@R49], [@R50]\]. Nevertheless the brain with an insufficient Se intake shows a pronounced reduction of selenoprotein expression under these conditions \[[@R51]\]. This tissue-specific hierarchy for Se uptake or retention mechanism exists by which the brain maintains its required Se levels, even under suboptimal nutritional conditions \[[@R1]\]. In the present work, the expression of SPS1 was increased with the excess Se in chicken CNS tissues, which indicated that the SPS1 expression was controlled by Se level. Similarly, to maintain the stability of Se content in CNS, the Se utilization of SPS1 was increased with the supernutritional Se. In particular, the regulation was described significantly in cerebral cortex, which was reasonable to assume that SPS1 might be important in chicken cerebral cortex.

It has been determined that appropriate Se concentration is beneficial to the survival and growth of cells, nevertheless, higher Se concentration is prohibitive for the cells growth and leads to cells death \[[@R52]\]. Our previous study has demonstrated that Se can enhance the neurite outgrowth, whereas the high Se concentrations show neurons neurotoxicity in contrast. Meanwhile, we have found that Se can increase the levels of SelW mRNA and elevate SelW mRNA half-life in embryo neurons of chicken, while they decrease with high Se concentrations. The results described above demonstrated that SelW could protect developing neurons from oxidative attack of exogenous and endogenous origin \[[@R9]\]. In our study, the expression of SPS1 was determined in chick embryo neurons to investigate the biological function of SPS1 in neurons. The expression of SPS1 mRNA was sensitive to the content of Se, and it was decreased by relatively high concentrations of Se, and in contrast, appropriate Se was found to increase the SPS1 mRNA expression levels. And the effect of Se on SPS1 mRNA expression level showed a dose-dependent and time-dependent. The results indicated that Se might influence neurons through the alteration of the SPS1 expression in chick embryo neurons. Or maybe SPS1 involved in the biosynthesis of SelW, altering the viability of neurons. However, the hypothesis should be demonstrated in the further studies.

The mRNA half-life determination is helpful to understand gene expression and mechanisms of transcripts level in response to developmental cues and environmental changes. Se can alter the SepSecS and SelW mRNA stability in neurons \[[@R7], [@R9]\]. We also inquired into the mechanism that Se regulated the expression of SPS1 in chicken neurons. In our study, the SPS1 mRNA half-life was enhanced with appropriate Se concentration and reduced with the high Se concentration in contrast. The data above indicated that Se might alter the stability of SPS1 mRNA in neurons. The results indicated that the SPS1 mRNA post-transcriptional stabilization was an important mechanism for the elevation of Se-induced and decreased expression of SPS1. Meanwhile, the Pearson correlation coefficient between tissues Se concentration and the SPS1 mRNA abundance in the CNS tissues was analyzed. There was a remarkable direct relationship between Se content in tissues and the SPS1 mRNA abundance in the cerebellum and marrow of chickens with low and high Se and cerebellum and brain stem of chickens with supernutritional Se, which supported the findings.

In summary, SPS1 exists extensively in the development of chicken CNS. The wide expression of avian SPS1 can be controlled by the Se content levels, which suggests that SPS1 acts a part in the regulation of Se homeostasis. The fundamental mechanism of these effects is that Se alters the half-life and stability of SPS1 mRNA. Therefore, SPS1 exerts an irreplaceable biological function in chicken CNS and Se homeostasis is closely related to the expression of SPS1. These results suggested that SPS1 was required for the development and selenium homeostasis of CNS in chicken. The avian SPS1 biological function needs to be further studied using genetic modification models.

MATERIALS AND METHODS {#s4}
=====================

Ethics statement {#s4_1}
----------------

All experimental procedures were approved by the Institutional Animal Care and Use Committee of Northeast Agricultural University (NEAU). Methods were carried out in accordance with the ethical standard of the institution. The studies were divided into three sections: chicken embryos, *in vivo* and *in vitro* (Figure [8](#F8){ref-type="fig"}).

![Experimental design](oncotarget-08-35919-g008){#F8}

Experiment in embryo {#s4_2}
--------------------

### Exp I: chicken embryo {#s4_2_1}

*Gallus domesticus* (HY-LINE VARIETY WHITE) fertile eggs were obtained from a commercial (Xian Feng Co. Ltd., Harbin, China). These eggs were cleaned, labeled and weighed 61.2 ± 2.0 g and the air cell was located by egg candle. A 1 mm in diameter hole was drilled into the center of the air cell. On the basis of the egg\'s weight, a microinjector was used to inject predetermined volume (0.1 μL/g egg) of PBS or Na~2~SeO~3~ (Sigma, USA) solution into the hole. The hole was sealed, and the eggs were left upright for 1 h at room temperature. Eggs were randomly divided into four groups as follows: Control (untreated, 0.07 μg Se/mL in egg white), Blank control (inject PBS, 0.07 μg Se/mL in egg white), Se-I group (inject Na~2~SeO~3~, 0.08 μg Se/mL in egg white), Se-II group (inject Na~2~SeO~3~, 0.10 μg Se/mL in egg white). These eggs were incubated in an automatic incubator. The cerebrum, thalamus and cerebellum of chicken embryos were gathered at 12-day-old (E12), 15-day-old (E15), 18-day-old (E18), and 21-day-old (E21) of hatching period. These tissues were frozen in liquid nitrogen and stored at −80°C until use.

Experiment *in vivo* {#s4_4}
--------------------

### Exp II: chickens fed with low and high Se diet {#s4_4_1}

One hundred and eighty male chickens (1-day-old; XianFeng Co. Ltd., Harbin, China) were divided into three groups (60 chickens/group) at random. L-Se group was fed with low Se diet which contained 0.033 mg/kg Se (Longjiang County, Heilongjiang Province). C-Se group was fed with the diet containing 0.15 mg/kg Se with Na~2~SeO~3~ which increased the Se content of L-Se group. H-Se group was fed with the diet containing 1.5 mg/kg Se with Na~2~SeO~3~ which increased the Se content of L-Se group. Each group was fed regularly and independently for 35 days and gathered the CNS tissues (cerebral cortex, thalamus, cerebral nuclei, cerebellum, medulla oblongata, brain stem, marrow and sciatic nerve) at 0d, 15d, 25d and 35d respectively. These CNS tissues were frozen in liquid nitrogen and stored at −80°C until use.

### Exp III: chickens fed with supernutritional Se diet {#s4_4_2}

1-day-old male chicks (Xian Feng Co. Ltd., Harbin, China) were randomly divided into five groups (10 chickens/group) with Na~2~SeO~3~ for 90 days as follows:

Group 1(Control) was fed with the commercial diet which contained 0.15 mg/kg Se; Group 2 (Se-S- I) was fed with the Se-supplemented diet containing 1.0 mg/kg Se; Group 3 (Se-S- II) was fed with the Se-supplemented diet containing 2.0 mg/kg Se; Group 4 (Se-S- III) was fed with the Se-supplemented diet containing 3.0 mg/kg Se; Group 5 (Se-S- IV) was fed with the Se-supplemented diet containing 5.0 mg/kg Se. Chickens were fasted overnight. The CNS tissues (cerebral cortex, thalamus, cerebral nuclei, cerebellum, medulla oblongata, brain stem and marrow) were quickly removed, and frozen instantly in liquid nitrogen and then stored at −80°C pending analysis.

Experiment *in vitro* {#s4_5}
---------------------

### Exp IV: Chicken embryo neuron {#s4_5_1}

#### Preparation of chick embryo neurons {#s4_5_1_1}

Primary cultured neurons were prepared in accordance with a modified protocol \[[@R53]\]. Chick embryo cerebral hemispheres were dissected on day 8 and cultivated in 6-well poly-D-lysine-coated cell culture plates (Sigma, USA). Blood and adhering meningeal membranes were cleaned aseptically. Cells were cultured by enzymes digesting method and filtered. The dispersed cells were plated in DMEM which contained HEPES, supplemented with antibiotics, 2 mM glutamine and 10% fetal bovine calf serum.

Neuron cultures and treatments {#s4_6}
------------------------------

2 mg/mL cytarabine (Sigma, USA) was supplemented into the culture medium after 24h. Then, the cell monolayers were washed three times with PBS (0.1 M, pH 7.4) and incubated in neurobasal culture medium at 37°C with 5% CO~2~ humidified atmosphere. After being cultured for 48h, neurons were respectively cultured in 2 mL fresh complete medium and incubated in the presence of 0 (Control), 10^−9^ (Se-I), 10^−8^ (Se-II), 10^−7^ (Se-III), 10^−6^ (Se-IV) or 10^−5^ (Se-V) mol/L of Se as Na~2~SeO~3~ for 0 h, 3 h, 6 h, 12 h, 24 h and 48 h.

Determination of the morphology of Neurons {#s4_7}
------------------------------------------

HE and Nissl staining were used to learn the changes of the modality and number of chicken embryo neurons. The morphology of neurons was determined with a light microscopy (Eclipse-Ti, Nikon, Japan) at × 400 magnifications.

Determination of Se concentration {#s4_8}
---------------------------------

Se content was determined according to Li et al. and Hasunuma et al. \[[@R7], [@R54]\]. The measurement is grounded on the following principle: the Se response in acid contained in samples acid digestion and converted to selenite.

Determination of SPS1 mRNA level by qRT-PCR {#s4_9}
-------------------------------------------

Total RNA were extracted from the neuron monolayers and the tissue samples (50 mg tissue; *n* = 5/diet group) using TRIZOL (Invitrogen, China) following the instructions. 40 μL diethyl-pyrocarbonate-treated water was used to re-suspend the dried RNA. Oligo dT primers and TransScript Reverse Transcriptase were used to synthesize the first-stand cDNA (Beijing TransGen Biotech Co. Ltd., P.R. China) according to the instructions. The cDNA was diluted 10 times with sterile water and stored at −20°C before use.

Primers for the SPS1 genes (NM_001164084.1, Forward: 5′- CTGCTGGACTTATGCACAC -3′, Reverse: 5′- ACACCTCATTTCGCTGCT -3′, 108bp) and the β-actin (NM_205518.1, Forward: 5′- CCGCTCTATGAA GGCTACGC -3′

Reverse: 5′- CTCTCGGCTGTGGTGGTGAA -3′, 128 bp), Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (K01458, Forward: 5′-AGAACATCATCCC AGCGT-3′

Reverse: 5′-AGCCTTCACTACCCTCTTG-3′, 182 bp) were designed using Primer Analysis Software (Oligo 7.24, Molecular Biology Insights, Inc. USA). qRT-PCR was used to determine mRNA quantities using a LightCycler^®^ 480 Real Time PCR System (Roche Applied Science, CA, USA) and GoTaq^®^ qPCR Master Mix (A6001, Promega, USA). Only one peak of the melting curve was shown for each PCR product. All data was normalized to the house keeping gene, GAPDH and β-actin. Pfaffl method was used to calculate relative changes on mRNA expression \[[@R55]\].

Determination of SPS1 mRNA half-life {#s4_10}
------------------------------------

The determination of SPS1 mRNA half-life was executed on the basis of the previous study \[[@R56]\]. The chicken embryo neurons were divided into six groups. The medium of neurons was treated with PBS (Control), 5 μg/mL actinomycin D (ActD, Sigma, USA) (ActD), 5 μg/mL ActD and 10^−8^ mol/L Se (ActD+Se-I), 5 μg/mL ActD and 10^−7^ mol/L Se (ActD+Se-II), 5 μg/mL ActD and 10^−6^ mol/L Se (ActD+Se-III) and 5 μg/mL ActD and 10^−5^ mol/L Se (ActD+Se-IV)for 0 h, 3 h, 6 h, 9 h, 12 h, 24 h or 48 h and the SPS1 mRNA levels were measured by qRT-PCR. ActD was used to stop the transcription of neurons. The half-life of the mRNA was deduced from the SPS1 mRNA attenuation curve as the time point after ActD treatment, in which 50% of the initial mRNA level remained.

Pearson correlation coefficient between tissues Se content and SPS1 mRNA levels {#s4_11}
-------------------------------------------------------------------------------

The relationship between CNS tissues Se concentrations and the abundance of SPS1 mRNA were assessed by Pearson correlation coefficient. Differences were considered to be significant at *P* \< 0.05 \[[@R57]\].

Statistical analysis {#s4_12}
--------------------

Statistical analysis of the SPS1 expression in chicken CNS was analyzed using One way-analysis of variance. SigmaPlot 12.5 (SigmaPlot Software Inc., USA) was used to draw the Figures. Tukey\'s honestly significant difference test was used to assess the differences in the means of data for post hoc multiple comparisons. The results were expressed as mean ± S.D. of different groups. Differences were supposed to be significant at *P* \< 0.05.
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